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The  electrochemical  performance  and  charge  transfer  resistance  of  an  all-solid-state  lithium  ion  bat¬ 
tery  consisting  of  LiCo02  (LCO;  cathode),  Li6.75La3Zri.75Nbo.250i2  (LLZONb;  solid  electrolyte),  and  lithium 
(anode)  were  investigated.  This  battery  has  favorable  charge-discharge  behavior  and  exhibits  good  sta¬ 
ble  cycle  performance.  No  other  reaction  phase  or  exfoliation  was  evident  at  the  interface  between  LCO 
and  LLZONb  after  100  charge-discharge  cycles.  The  interfacial  resistance  between  LCO  and  LLZONb  is 
comparable  to  that  of  lithium  ion  batteries  with  liquid  organic  electrolytes,  and  the  activation  energy 
of  the  interfacial  resistance  of  this  battery  is  still  lower  than  that  of  a  lithium  ion  battery  with  a  liquid 
organic  electrolyte. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

All-solid-state  lithium  ion  batteries  that  employ  a  solid  elec¬ 
trolyte  are  generally  considered  to  be  safer  than  those  that  use 
liquid  organic  electrolytes  by  removing  the  issue  of  flammability. 
In  order  to  improve  the  performance  of  all-solid-state  lithium  ion 
batteries,  an  appropriate  solid  oxide  electrolyte  is  strongly  required 
that  has  the  following  properties:  (1)  high  lithium  ion  conductiv¬ 
ity,  (2)  stability  against  chemical  reaction  with  lithium  at  the  anode, 
and  Co-,  Ni-,  or  Mn-containing  oxides  at  the  cathode,  and  (3)  a  wide 
electrochemical  window  allowing  the  use  of  high-voltage  cathode 
materials. 

Solid  oxides  electrolytes  are  believed  to  have  a  potential  advan¬ 
tage  over  other  inorganic  materials  in  terms  of  their  handling  and 
chemical  stability.  However,  most  solid  oxide  electrolytes  have 
lower  lithium  ion  conductivity  than  other  electrolytes,  such  as 
commonly  utilized  liquid  organic  electrolytes  or  solid  sulfide  elec¬ 
trolytes  [1-4]. 

We  have  focused  on  the  garnet-type  oxide  Li7La3Zr20i2  (LLZO) 
[5]  as  a  promising  candidate  for  solid  oxide  electrolytes,  due  to  its 
high  chemical  stability  and  wide  potential  window.  However,  the 
lithium  ion  conductivity  of  LLZO  is  ca.  0.2  mS  cm-1  at  25  °C,  which  is 
approximately  two  orders  of  magnitude  lower  than  that  of  common 
liquid  organic  electrolytes.  Very  recently,  we  have  optimized  the 
composition  of  LLZO  by  substitutional  Nb-doping  to  improve  the 
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lithium  ion  conductivity,  and  a  maximum  of  ca.  0.8  mS  cm-1  at  25  °C 
was  obtained  by  doping  Nb  at  12.5  at%  [6]. 

Application  of  lithium  ion  batteries  such  as  in  electric  vehi¬ 
cles  (EV)  and  hybrid  electric  vehicles  (HEV)  requires  high-power, 
high-capacity,  and  long  battery  life.  To  improve  these  character¬ 
istics  of  lithium  ion  batteries,  it  is  very  important  to  decrease 
the  internal  resistance.  Generally,  the  dominant  contributor  to  the 
internal  resistance  of  all-solid-state  lithium  ion  batteries  is  not  the 
bulk  resistance  of  the  solid  electrolyte,  but  the  interfacial  resis¬ 
tance  between  the  electrodes  and  solid  electrolyte  [1-4].  Very 
recently,  electrochemical  performance  of  all-solid-state  lithium  ion 
battery  using  LLZO,  which  was  constructed  by  sol-gel  method,  has 
been  reported  [7].  However,  the  interfacial  resistance  is  still  large 
because  the  charge  transfer  resistance  would  be  strongly  affected 
by  interfacial  contact  condition.  The  interfacial  contact  condition 
between  LLZO  bulk  ceramics  and  LCO  prepared  by  sol-gel  method 
would  not  be  likely  enough.  Therefore,  the  intrinsic  electrochemi¬ 
cal  performance  and  interfacial  resistance  of  all-solid-state  lithium 
ion  battery  using  LLZO  is  still  unknown.  In  order  to  clarify  the 
electrochemical  performance  and  interfacial  resistance  of  between 
cathode  and  Nb-doped  LLZO,  an  all-solid-state  lithium  ion  battery 
was  fabricated  using  Nb-doped  LLZO  (LLZONb;  solid  electrolyte), 
lithium  (anode),  and  LiCo02  (LCO;  cathode),  which  was  deposited 
by  pulsed-laser  deposition  (PLD).  Here  we  report  the  electrochem¬ 
ical  performance  and  interfacial  resistance  of  this  battery. 

2.  Experiment 

An  all-solid-state  lithium  ion  battery  was  constructed  using 
LLZONb,  Li,  and  LCO.  LLZONb  (Li6.75La3Zri75Nbo.250i2)  was 
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fabricated  by  conventional  solid-state  reaction  [6],  and  a  2  mm 
thick,  13  mm  diameter  bulk  LLZONb  pellet  was  prepared.  LCO  was 
deposited  by  PLD  (4o)-Nd:yttrium-aluminum-garnet  (YAG)  laser, 
A,  =  266nm,  ~1  Jem-2  pulse-1,  ~20ns,  10 Hz)  on  the  top  side  of 
the  sintered  LLZONb  pellet  and  annealing  at  600  °C.  The  deposited 
thickness  of  the  LCO  film  was  ca.  500  nm,  which  was  estimated 
from  cross-sectional  field  emission  scanning  electron  microscopy 
(FE-SEM/Hitachi  S-5500)  image.  The  lithium  metal  foil  anode  was 
attached  to  the  bottom  of  the  pellet  in  a  dry  Ar-filled  glove  box. 
The  morphology  and  elementary  analysis  of  the  interface  of  this 
battery  was  observed  using  FE-SEM  and  Energy  dispersive  X-ray 
analysis  EDX  (Horiba  EMAX  energy  EX-350).  The  electrochemi¬ 
cal  properties,  such  as  the  charge  and  discharge  characteristics 
were  evaluated  under  galvanostatic  condition  of  3. 5  [xAcnrr2  (rate: 
0.1  C)  in  the  4.2-2.5V  range  at  25  °C  using  a  potentio-galvanostat 
(Solartron  1480).  The  interfacial  resistance  of  the  battery  was  mea¬ 
sured  using  an  impedance  analyzer  (Solartron  FRA  1255B)  in  the 
frequency  range  of  0.1  Hz  to  1  MHz. 

3.  Result  and  discussion 

Fig.  1  shows  charge-discharge  curves  of  the  all-solid-state 
lithium  ion  battery.  The  plateau  of  the  charge  curve  starts  at 
approximately  3.7  V,  which  is  slightly  lower  than  the  conven¬ 
tional  extraction/insertion  reaction  of  LCO  (3.9  V),  due  to  the  lower 
crystallinity  of  LCO  [8,9]  prepared  by  PLD.  The  theoretical  elec¬ 
trochemical  capacity  of  LCO  is  137mAhg_1,  which  corresponds 
to  0.5  Li  per  Co02.  The  charge  and  discharge  capacity  at  the  1st 
cycle  were  130  and  129mAhg_1,  respectively,  which  are  approxi¬ 
mately  90%  of  the  theoretical  capacity.  The  charge-discharge  curves 
at  the  100th  cycle  are  shown  by  the  dotted  line  in  Fig.  1.  The 
charge  and  discharge  capacity  at  the  100th  cycle  were  130  and 
1 27  mAh  g-1 ,  respectively.  The  retention  of  discharge  capacity  was 
approximately  98%,  which  confirms  stable  cycle  performance  for 
this  battery. 

Fig.  2  shows  a  cross-sectional  FE-SEM  image  and  EDX  mapping  of 
the  interface  between  LCO  and  LLZONb  after  100  charge-discharge 
cycles.  No  other  reaction  phase  or  exfoliation  are  evident  at  the 


Fig.  1.  Charge-discharge  curves  for  the  LiCo02/Li6.75La3Zri.75Nbo.25  0i2/Licell.  The 
horizontal  axis  shows  the  capacity  normalized  by  the  weight  of  the  UC0O2  cath¬ 
ode.  Solid  and  dotted  lines  represent  the  1st  and  100th  charge-discharge  cycles, 
respectively. 


interface.  Elementary  analysis  due  to  EDX  confirmed  that  no  ele¬ 
mental  diffusion  occurred  near  the  interface.  Although  Dr.  Kim  et  al. 
reported  that  reaction  phases  due  to  mutual  diffusion  are  easily 
formed  between  LLZO  and  LCO  at  the  interface  [10].  They  suggested 
that  the  reaction  layer  formed  during  high  temperature  processing 
is  likely  one  of  the  major  reasons  for  the  poor  lithium  inser¬ 
tion/extraction  at  LLZO/LCO  interfaces.  We  considered  that  cause 
of  this  difference  would  be  the  following  reasons.  (1)  The  anneal¬ 
ing  temperature  of  LCO  was  different.  (2)  Difference  of  composition 
for  garnet-type  oxide.  Therefore,  the  all-solid-state  lithium  ion  bat¬ 
tery  constructed  in  this  study  would  have  chemical  and  structural 
stability  during  lithium  intercalation/deintercalation  through  the 
charge  and  discharge  processes. 


Fig.  2.  Cross-sectional  FE-SEM  secondary  electron  (a)  and  backscattering  electron  (b)  image  of  the  interface  between  UC0O2  and  LiejsLasZrusNbo^sO^  after  100 
charge-discharge  cycles.  EDX  mapping  for  Co  (c)  and  Zr  (d). 


334 


S.  Ohta  et  al.  /  Journal  of  Power  Sources  202  (2012 )  332-335 


Fig.  3.  (a)  Nyquist  plot  (0.1  Hz  to  1  MHz)  for  the  LiCo02/Li6.75La3Zri.75Nbo.25C)i2/Li 
cell  at  3.95  V.  (b)  Nyquist  plot  (0.1  Hz  to  1  MHz)  for  the  Li/Li6.75La3Zri.75Nbo.25  0i2/Li 
cell. 

The  interfacial  resistance  of  the  battery  was  evaluated  using 
a  two-probe  AC  impedance  method.  Measurements  were  con¬ 
ducted  after  charging  at  3.95  V  vs.  Li+/Li.  A  Nyquist  plot  for  the 
all-solid-state  lithium  ion  battery  is  shown  by  the  open  circles 
in  Fig.  3(a).  Three  resistance  components  are  evident,  with  fre¬ 
quencies  at  approximately  0.5  MHz,  100  Hz,  and  1  Hz,  which  can 
be  well-resolved  into  resistance  of  the  LLZONb  bulk  (i^LLZONb)  [6], 
the  interface  between  LCO  and  LLZONb  (i?LCO/LLZONb)>  and  the  inter¬ 
face  between  Li  and  LLZONb  (ftu/LLZONb)>  respectively.  To  identify 
the  frequency  dependence  of  the  interfacial  resistance  between 
Li  and  LLZONb,  we  constructed  a  Li/LLZONb/Li  cell  with  lithium 
metal  foils  attached  to  both  LLZONb  faces.  The  Nyquist  plot  for 
this  cell  is  presented  in  Fig.  3(b),  which  indicates  that  RU/ nzoNb 
is  approximately  100  Hz.  Therefore,  the  resistance  component  at 
approximately  1  Hz  is  assigned  to  i^LCO/LLZONb-  The  resistivity  at 
3.95  V  vs.  Li+/Li  was  calculated  from  Fig.  3(a)  and  the  resistivities 

f°r  ^LLZONb- ^LCO/LLZONb  and  ^u/LLZONb  were  120, 1 70  and  530  Q  cm2, 
respectively.  A  Nyquist  plot  for  the  all-solid-state  lithium  ion  bat¬ 
tery  after  100  charge-discharge  cycles  is  shown  by  the  solid  circles 
in  Fig.  3(a).  The  interfacial  resistance  has  not  almost  changed  during 
100  charge-discharge  cycles.  Therefore  it  is  considered  that  inter¬ 
face  between  LCO  and  LLZONb  has  a  good  stable  cycle  performance. 

^LCO/LLZONb  i s  low  compared  to  the  resistances  of  other  interfaces 
between  cathodes  and  other  electrolytes  such  as  sulfide  mate¬ 
rials  or  liquid  organic  electrolytes  [2,4].  Takada  and  his  group 
investigated  all-solid-state  lithium  ion  batteries  with  solid  sulfide 
electrolytes  and  suggested  that  large  space-charge  layers  are  grown 


Fig.  4.  Temperature  dependence  of  the  resistivity  (p)  for  Li6.75La3Zri.75Nbo.250i2 
bulk,  the  LiCo02/Li6.75La3Zri.75Nbo.25  0i2  interface  and  the  Li/Li6.75La3Zri.75Nbo.25  0i2 
interface. 

between  the  oxide  electrode  and  sulfide  electrolyte  because  Li  ion 
transfer  from  the  sulfide  electrolyte  to  the  oxide  electrode  occurs  by 
the  large  difference  in  chemical  potential  [2].  Therefore,  the  interfa¬ 
cial  resistance  between  the  oxide  electrode  and  sulfide  electrolyte 
is  large  (ca.  1 000  Q).  In  order  to  overcome  this  problem,  they  coated 
LCO  with  an  oxide  electrolyte  such  as  LiNb03  or  Li4Ti5012  and  suc¬ 
cessfully  decreased  the  interfacial  resistance  between  the  cathode 
and  electrolyte  [2,3].  In  contrast,  it  is  considered  that  space-charge 
layers  grown  on  the  interface  between  LCO  and  LLZONb  would  be 
small  because  the  difference  in  chemical  potential  between  LCO 
and  LLZONb  should  be  smaller  than  that  between  LCO  and  a  sulfide 
electrolyte;  therefore,  i^LCO/LLZONb  is  rather  low. 

The  temperature  dependence  of  RLLZONb.  Rix:o/LLZONb  and 
^Li/nzoNb  are  shown  in  Fig.  4.  The  activation  energy  (Ea )  of  the  inter¬ 
facial  resistance  was  calculated  from  the  Arrhenius  law  (p_1  =A 
exp (-Ea/kT),  where  A  is  the  frequency  factor,  k  is  the  Boltzmann 
constant,  and  T  is  the  absolute  temperature).  £a  for  both  i?LC0/LLZ0Nb 
and  En /LLZONb  were  ca.  30  kj  mol-1 ,  which  are  much  lower  than  that 
for  the  interface  between  LCO  and  liquid  organic  electrolytes  (ca. 
60kjmol_1)  [11].  The  reason  for  this  phenomenon  can  be  under¬ 
stood  as  follows.  It  is  considered  that  desolvation  reaction  occurs 
with  lithium  ion  transfer  at  the  interface  between  the  electrodes 
and  a  liquid  organic  electrolyte.  Therefore,  Ea  of  the  interfacial 
resistance  between  electrodes  and  liquid  organic  electrolytes  are 
quite  large  (ca.  60  kj  moH)  [12-17].  However,  in  an  all-solid-state 
lithium  ion  battery,  the  desolvation  reaction  does  not  occur;  there¬ 
fore,  £a  of  both  Rlc o/LLZONb  and  FLi/LLZ0Nb  would  be  expected  to  be 
the  same  as  that  for  the  LLZONb  bulk  electrolyte. 

4.  Conclusions 

An  all-solid-state  lithium  ion  battery  of  LCO/LLZONb/Li  was  con¬ 
structed.  The  charge  and  discharge  capacity  of  this  battery  at  the 
1  st  cycle  were  130  and  1 29  mAh  g-1 ,  respectively,  which  is  approxi¬ 
mately  90%  of  the  theoretical  capacity.  This  battery  exhibited  stable 
cycle  performance,  with  no  other  reaction  phase  or  exfoliation 
at  the  interface  after  100  charge-discharge  cycles.  The  interfacial 
resistance  between  LCO  and  LLZONb  at  25  °C  was  170  Q  cm2,  which 
is  comparable  to  that  for  a  lithium  ion  battery  with  a  liquid  organic 
electrolyte.  The  activation  energy  of  interfacial  resistance  between 
LCO  and  LLZONb  was  lower  than  that  for  a  lithium  ion  battery  with 
a  liquid  organic  electrolyte.  These  results  indicate  that  LLZONb  is 
a  promising  candidate  as  a  solid  electrolyte  for  high-power  and 
high-capacity  all-solid-state  lithium  ion  batteries. 
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